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Introduction {#sec001}
============

The rapid diffusion of mobile phones in the Global South has increased information flow, reduced telecommunication costs, and led to novel strategies for economic development \[[@pone.0237337.ref001], [@pone.0237337.ref002]\]. In a study of 120 developing countries, growth in mobile phone penetration coincided with economic growth \[[@pone.0237337.ref003]\]. Mobile phones have impacted the lives of hundreds of millions, particularly in areas with poor access to landline telephones due to a lack of infrastructure or electricity. In Sub-Saharan Africa, phones are increasingly used to provide a host of services and information across the financial, energy, and agronomic sectors. Furthermore, the ubiquity of mobile phones throughout sub-Saharan Africa offers new opportunities for rural households to realize a broader set of livelihood and development goals \[[@pone.0237337.ref004]\]. Information and communication technologies (ICTs), including mobile phones, have been shown to help reduce poverty in sub-Saharan Africa by strengthening and expanding social networks, cutting down on travel costs, maximizing the outcomes of necessary journeys, managing human-wildlife conflict, conducting business and financial transactions, and increasing the efficiency of livelihood activities \[[@pone.0237337.ref005]--[@pone.0237337.ref007]\]. For example, in Kenya, access to mobile money services was found to reduce extreme poverty in female-headed households by 22% \[[@pone.0237337.ref008]\] and more generally to have a positive impact on agricultural household income \[[@pone.0237337.ref009]\]. The benefits of ICTs have been well documented, but it is also important to note that these technologies can also exacerbate existing power imbalances and inequalities \[[@pone.0237337.ref010]\].

Sub-Saharan Africa is the fastest growing and second largest mobile market in the world \[[@pone.0237337.ref011]\]. By the end of 2017 the unique mobile subscriber penetration rate stood at 44% \[[@pone.0237337.ref012]\]. It is projected that the future growth of mobile phone use will be concentrated in rural areas and with a younger demographic, with approximately 300 million additional people becoming mobile phone subscribers by 2025 \[[@pone.0237337.ref012]\]. Smartphone connections particularly are expected to increase from 34% of connections in 2017 to 67% of connections by 2025 due to the growth of cheaper devices \[[@pone.0237337.ref012]\]. Electricity, particularly in rural areas, is a current barrier to mobile phone adoption \[[@pone.0237337.ref013]\]; however, increased access to electricity, cheaper phones, and lower costs of airtime and data continue to fuel growth \[[@pone.0237337.ref011]\].

The intersection of the agricultural economy and the expanding use of mobile phones has led to policy innovations related to phones for a range of agricultural services including the connection of farmers to buyers, the provisioning of inputs for farming, and the formal and informal exchange of agricultural information and recommendations \[[@pone.0237337.ref004]\]. Agriculture is the dominant income-generating activity in rural Sub-Saharan Africa where nearly 9 in 10 households generate income from crop production, and where non-agricultural income generation lags behind that of other developing regions \[[@pone.0237337.ref014]\]. Despite growing diversification of household incomes, agriculture remains the primary livelihood activity in rural areas and a focal point for economic development policies and interventions. ICTs for agricultural development initiatives are growing in number, with over 140 such initiatives reported globally in 2015 \[[@pone.0237337.ref004]\]. There is also a growing use of mobile phones for agricultural extension and outreach throughout sub-Saharan Africa, where agricultural extension agents must provide education, advice, and services to farmers across large geographic areas, and have little access to equipment and knowledge platforms \[[@pone.0237337.ref013], [@pone.0237337.ref015]\].

Over the past decade, the spread of these technologies has led to macro-scale improvements in agricultural market performance in developing economies \[[@pone.0237337.ref016]\] but with more mixed impacts locally with individual households and farmers \[[@pone.0237337.ref017]\]. Despite phones' potential in the agricultural sector, there is mixed evidence on the relationship between the use of mobile phones and improved yields with evidence for positive \[[@pone.0237337.ref018]--[@pone.0237337.ref020]\] and neutral \[[@pone.0237337.ref021], [@pone.0237337.ref022]\] associations between ICTs and yields. Diverse, reported impacts may stem from variation in structural issues such as access to markets, transportation infrastructure, and ICTs across local contexts \[[@pone.0237337.ref023]\]. The diversity of conclusions may also be due in part to differences in methodologies, phone use measurements, and the many factors that must be considered in the analyses.

Many studies of mobile phone use and agricultural productivity are econometric \[[@pone.0237337.ref004]\], focused on outcomes and impact evaluations \[[@pone.0237337.ref024]\], concerned with specific agricultural services/projects \[[@pone.0237337.ref004]\], and based on large, national datasets \[[@pone.0237337.ref025]\]. However, fewer studies have examined farmers' perceptions of ICTs and the value they hold for agriculture despite the critical role perceptions play in the adoption of innovations \[[@pone.0237337.ref026]\]. Often, the perception of the characteristics of an innovation, including its benefits, drives its rate of adoption \[[@pone.0237337.ref026]\]. This current study is unique because it focuses on the perceptions of mobile phones specifically for agricultural activities rather than simply phones themselves.

Our study addresses this gap with a survey-based approach to examine farmers' perceptions of mobile phones and agricultural development in 4 rural villages in Iringa Region, Tanzania, where agriculture and fishing are the main sources of household income, 85% of the population had at least a primary education in 2017, nearly two-thirds lived in poverty, and 65% of individuals and 80% of households owned a mobile phone respectively \[[@pone.0237337.ref027]\]. Here, we use the term "perceptions" to refer to respondents' own perceived behaviors, as opposed to researchers' observations of research subjects' behaviors. Our study provides a unique contribution to ICT4D scholarship by focusing on farmers' perceptions of mobile phones and their specific uses for agricultural practices and effects associations with productivity.

This research addresses 3 main questions: (RQ1) What perceptions do farmers (male and female) have about the impact of mobile phones on agricultural productivity? (RQ2) What is the relationship between generalized mobile phone use and self-reported agricultural yield? and, (RQ3) What is the relationship between mobile phone use specifically for agricultural purposes and self-reported agricultural yield?

Lastly, this research seeks to inform food and agriculture-related policies that affect the use of technological innovations to improve food systems and agricultural productivity. Our study provides further evidence that mobile phone use can be linked to farm activities. This research is at the nexus of food, agriculture, and technology. Surprisingly, there are few existing formal international, national, or local policies addressing the use of mobile phones in the agricultural sector despite their dynamic and emerging nature. Thus, an overarching goal of this research is to inform government and NGOs policies and action plans aimed at improving agricultural productivity.

Methods {#sec002}
=======

Permission to conduct human subjects research was granted by the Tanzania Commission for Science and Technology (Research Permit No. 2017-250-NA-2017-166), and the University of Colorado Institutional Review Board (protocol \# 17--0042).

Study area {#sec003}
----------

Iringa Region provides an excellent setting to examine these issues. Mobile-phone use has grown steadily in this area and smallholder agriculture is widespread. Furthermore, Tanzania is one of the eight sub-Saharan African markets predicted to contribute more than a third of new mobile subscribers globally between 2016 and 2021 \[[@pone.0237337.ref028]\]. Additionally, the agricultural sector in Tanzania accounts for more than 45% of the country's GDP, 65% of the export earnings, and engages 80% of the workforce \[[@pone.0237337.ref013]\]. The study was conducted in the villages of Kibena, Lyamgungwe, Malagosi, and Mgama, located in the Iringa Rural District of Iringa Region in southern Tanzania ([Fig 1](#pone.0237337.g001){ref-type="fig"}). Within this district, which had a population of approximately 270,000 in 2017, a government funded assessment reported 53% of residents engage in farming or fishing as their main economic activities, 83% had at least a primary education, and 64% of adults and 90% of households owned a mobile phone \[[@pone.0237337.ref027]\]. Our study villages, which are overwhelmingly agricultural, were selected because they are ethnically and economically similar, though they differ in population, area, level of development, and distance to a main road. Kibena is the most urban, as it is located on the major highway connecting Tanzania to Zambia. Mgama is located along a well-maintained murram road (hard-packed soil) a few kilometers off the main highway. Lyumgungwe and Malagosi are markedly more rural. They are located along poorly-maintained roads, and are not connected to the electrical grid. The major ethnic group represented in the study villages is Hehe with Bena as the prominent minority group, both of whom are mainly farmers, but also keep cattle and goats. Maize is the primary staple crop in all 4 villages. The majority of agriculture is rain fed. Annual precipitation averages 680mm, and the rains typically begin in late November or early December, and last through April. At least one of the 4 major mobile networks (Tigo, Vodacom, Airtel, and Halotel) is available in each of the 4 villages.

![Study communities in Iringa Region, Tanzania.](pone.0237337.g001){#pone.0237337.g001}

Data collection {#sec004}
---------------

We first conducted qualitative focus group discussions in 3 villages (Nyamihuu, Mapogoro, and Lupalama) to collect basic information about phone use and agriculture in the region. Male, female, and youth focus groups were conducted separately. Villages were selected due to their similarities with the villages that participated in the household survey, including approximate degrees of intra-household economic diversity, various levels of urbanization and/or development, and broad reliance on agriculture. The villages selected for focus groups were different than for the survey in order to avoid having survey respondents who also participated in the focus groups biasing their answers. The major goal of the focus groups was to inform the survey design, helping to create a contextually-specific survey instrument. Primary data from the focus groups are not presented in our analysis. Focus group discussion notes were qualitatively analyzed and discussed within the research team to find recurring and important themes and ideas about agriculture and mobile phone use that were then integrated into the survey instrument.

A total of 279 surveys were conducted in July 2017, which roughly corresponds to the timing of the maize harvest in the region. Informed consent was granted by respondents prior to surveys. The timing of the surveys is important, and, in the case of this research, conducting surveys during/after the maize harvest proved beneficial because yield and agricultural information was fresh in the minds of the respondents. We implemented a balanced, stratified random sample, with each of the 4 villages as strata; a goal sample of 40 household compounds per village was informed by previous research implementing similar inferential methods \[[@pone.0237337.ref029]--[@pone.0237337.ref031]\], and set at a level substantially higher than a recent government sponsored economic assessment in the region \[[@pone.0237337.ref027]\]. Households in each village were selected randomly from the village register, or roster (160 household compounds total across all 4 villages). At each household, our goal was to interview a male and female household member who engages in farming (which was determined before the survey took place), preferably the male and female household heads, or, if absent, another adult household member. On occasion, when an adult (18 or older) of 1 gender was not available, only 1 interview was conducted. Surveys were conducted by enumerators in Kiswahili, the official language of Tanzania, because all survey respondents were fluent in Kiswahili.

Enumerators first underwent a 3-day training before starting data collection, which was led by the lead author in Kiswahili. The enumerators assisted in the translation of the survey from English to Kiswahili, and conducted a practice survey before beginning survey work. Enumerators worked in teams of 2, 1 male and 1 female, with each enumerator only interviewing respondents of their same gender. Using same gender enumerators is a common practice in rural, developing areas where education is relatively low and gender roles can be hierarchical \[[@pone.0237337.ref032]\]. Groups of enumerators were assisted by local residents who helped to locate the randomly-selected households and provided an introduction to the household members of the research topics on behalf of the research team.

The survey included questions about demographics, phone ownership and use, social networks, and agricultural practices and productivity. Respondents were asked about their own individual behavior, perceptions, and agricultural activities. All respondents were asked the same questions because the goal of the survey was not necessarily to differentiate between groups of people, but instead to understand the overall generalized importance of mobile phone use on agricultural productivity in the study area. Furthermore, we focused the survey on maize, as it is the staple crop in the area, but also recorded other crops planted. Survey responses were based on the respondents' perceptions and observations.

The level and type of phone ownership were determined based on 4 factors: (1) If there was a phone owned by any member of the household; (2) If the respondent personally owned any phone; (3) If they owned an internet capable phone; and (4) If they owned a smartphone. Smartphones and internet capable phones were differentiated for this research because the later are similar to non-smartphone cell phones but have the ability to access the internet (e.g., email, Facebook, etc.) through a simple interface and small screen, lacking the ability to download apps and the touch-based interface of smartphones. Other measures of phone use used in the analysis are described below.

Data analysis {#sec005}
-------------

To examine farmers' perceptions of the impacts of mobile phone technologies on agricultural productivity, we calculated simple descriptive statistics of the survey data (RQ1). To test for associations between general phone use and self-reported agricultural yield (RQ2), and also for associations between phone use specifically for agricultural purposes and self-reported agricultural yield (RQ3), we estimated separate regression models (see below). General maize yields were reported as number of 65-kg sacks per hectare of grain (not on the cob) in recent good years. These values were converted into tons per hectare for presentation and analysis. It is important to note that the weight of maize sacks can vary throughout Tanzania. Long-term residents of Iringa Region told us that they generally use 65 kg as the standard weight in Iringa Region. However, this should be considered an approximation.

RQ2 and RQ3 were operationalized into 2 separate multilevel linear statistical models predicting self-reported maize yield in a good year: a *general phone use* model (RQ2) and *phone for agriculture* model (RQ3). The decision to use multilevel models (i.e., varying effects, random effects, hierarchical models) was informed *a priori* by the nested structure of our data, with respondents in households in communities, and we expect variance to be correlated within these groups \[[@pone.0237337.ref033]\]. Our choice for multilevel models is supported in 3 ways. First, these models make more accurate estimates than ordinary linear models when data are clustered or share similarities by group, as is the case with multiple observations from the same individual, location, or time period. Second, multilevel models better account for potential imbalances in the sample. Third, multilevel models are also more appropriate when variation within and between groups in the data (i.e., group-level effects) are relevant to research questions \[see \[[@pone.0237337.ref034]\], p. 356 for further discussion\]. We do, however, test this assumption by estimating alternative specifications with fixed effect dummy variables for village for both the *general phone use* and *phone for agriculture* models. These are not as parsimonious as the reported models including varying effects for village, as determined by information criterion. (dAICc = 7 and 8, respectively) \[[@pone.0237337.ref035]\].

Our outcome variable, self-reported maize yield, was continuous and approximated a log-normal distribution, so we fitted Gaussian models. The 2 research questions were specified into 2 separate models conforming to the following structure: $$\left. y_{i} \right.\sim\text{Normal}(\mu_{i},\sigma)$$ $$\mu_{i} = \alpha + \beta\mspace{720mu} x_{i,h,v} + H + V,$$ where the log of self-reported maize yield *y* by respondent *i* has a Gaussian distribution with mean *μ*~*i*~ and standard deviation *σ*. The linear predictor, *μ*~*i*~, is specified as a function of the grand intercept *α*, a vector of *β* parameters and associated predictor variables *x* observed in individual *i*, household *h*, and village *v*. For the general phone use model (RQ2), this vector includes the focal variables *total number of contacts*, *number of SMS messages sent and received in the past 24 hours*, and *number of calls made and received in the last 24 hours* plus controls. For the phone for agriculture model (RQ3), this vector includes a single synthetic focal variable measuring phone use specifically for agricultural purposes derived from a set of survey questions, plus controls. These fixed effect variables are detailed just below. Varying intercept effects (i.e., random effects) *H* and *V* are understood as the household- and village-level adjustments, respectively, to the linear predictor.

The general phone use model includes 3 focal variables to evaluate the question of whether or not mobile phone use generally was associated with self-reported maize yield outcomes (RQ3). Because "phone use" can be described in multiple ways and be difficult to measure accurately across various seasons and over long periods of time, we selected 3 proxy variables that capture a range of use behaviors in our farmer population that represent longer-term and shorter-term phone use and can be measured reliably: total number of contacts saved (i.e., a measure of one's phone-based social network accrued over a longer period of time), number of SMS messages sent and received in the past 24 hours (i.e., a measure of one's phone-based written communication over a very short period of time), and number of calls made and received in the last 24 hours (i.e., a measure of one's phone-based vocal communication over a short period). These measures have been used in other studies of mobile phones in rural East Africa \[[@pone.0237337.ref036], [@pone.0237337.ref037]\]. These 3 variables were square root-transformed in the model due to a high proportion of zero values along with a large number of outlier values. This transformation allowed for adequate scaling and preserved zero-values in the data, though represents a tradeoff as interpretation is less-intuitive than would be with a log-log model \[[@pone.0237337.ref033]\]. SMS and phone call measures for the last 24 hours served as proxies for previous phone use and were easier for respondents to recall than phone use over a longer period of time. The assumption made in selecting these variables is that phone use over the previous 24 hours is indicative of overall phone use over longer time scales, and that having a greater number of contacts is also indicative of higher levels of phone use.

The phone-for-agriculture model includes a single synthetic focal variable measuring phone use specifically for agricultural purposes to evaluate the question of whether or not the degree of mobile phone use for agricultural activities was associated with self-reported maize yield outcomes (RQ3). Since we were interested in phone use for agricultural purposes generally, and not, for example, using phones to help with fertilizer application specifically, we created a synthetic variable to represent a latent property of our nine individual-level, phone-for-agriculture variables ([Table 1](#pone.0237337.t001){ref-type="table"}). These 9 variables represent different ways that respondents use phones for agriculture-related activities, which we identified through focus group discussions. Unlike the generalized phone use variables (RQ2), the phone-for-agriculture questions were not measured over the past 24 hours, but instead measured binary responses of whether or not respondents use phones for these activities. Collapsing the information in these 9 binary variables produced a single continuous variable, trading reduced dimensionality for information loss. Dimension reduction strategies commonly include ordinary principal components analysis or factor analysis \[[@pone.0237337.ref038]\]. Due to the binary structure of the component variables, we implemented the Gifi method of non-linear principal components analysis \[i.e., homogeneity or multiple correspondence analysis; \[[@pone.0237337.ref039]\]\]. This method does not assume normality as does ordinary principal components analysis, yet preserves relative dimensionality of the input matrix. We computed loadings based on the first principal component using the {homals} package in R, producing a single continuous predictor variable, which approximated normal and was not transformed \[[@pone.0237337.ref040]\].

10.1371/journal.pone.0237337.t001

###### Regression variable means (and standard errors) stratified by study village.

Binary variables are reported as proportions.

![](pone.0237337.t001){#pone.0237337.t001g}

                                                                                                  Lyamgungwe   Malagosi   Kibena   Mgama    Total                                       
  ----------------------------------------------------------------------------------------------- ------------ ---------- -------- -------- ------- --------- ------- --------- ------- --------
  Dependent variable                                                                                                                                                                    
   Self-reported maize yields in good year (tons/hectare)[^1^](#t001fn001){ref-type="table-fn"}   1.81         (0.17)     1.70     (0.20)   1.37    (0.11)    2.12    (0.26)    1.73    (0.10)
  Independent variables                                                                                                                                                                 
   Phone contacts                                                                                 81.57        (15.46)    59.16    (9.91)   82.52   (14.49)   78.39   (10.76)   76.30   (6.62)
   Total calls in prev. 24hrs                                                                     8.64         (2.42)     8.03     (1.89)   10.26   (1.78)    10.89   (1.66)    9.56    (0.97)
   Total SMS in prev. 24hrs                                                                       8.90         (2.69)     11.11    (3.05)   15.01   (4.25)    19.24   (6.30)    13.81   (2.23)
   Phone-for-agriculture composite[^2^](#t001fn002){ref-type="table-fn"}                          1.24         (0.14)     1.25     (0.11)   1.18    (0.11)    1.46    (0.08)    1.28    (0.06)
   Wealth score[^3^](#t001fn003){ref-type="table-fn"}                                             5.65         (0.17)     5.99     (0.22)   6.40    (0.16)    6.71    (0.20)    6.21    (0.10)
   Hectares farmed[^1^](#t001fn001){ref-type="table-fn"}                                          1.12         (0.09)     1.48     (0.18)   1.03    (0.12)    1.32    (0.14)    1.22    (0.07)
   Proportion male                                                                                0.60         (0.08)     0.63     (0.08)   0.52    (0.07)    0.58    (0.07)    0.58    (0.04)
   Age                                                                                            41.62        (2.04)     42.45    (2.74)   39.35   (1.87)    41.09   (2.08)    40.98   (1.07)
   Proportion completed primary school                                                            0.14         (0.05)     0.13     (0.06)   0.22    (0.06)    0.40    (0.07)    0.23    (0.03)
  n                                                                                               42           38         54       45       179                                         

^1^ Areas and yields are approximate. Weights and harvested areas were estimated by the respondents.

^2^A synthetic variable representing degree of phone use for agricultural activities, created from HH survey responses by non-linear principal components analysis, and described in the main text.

^3^ Wealth score is described in the main text.

Both models included an identical set of 5 fixed effect control covariates: a wealth index, farm size, gender, age, and education level. These covariates were informed by literature review and the understood impacts anticipated on agricultural practices and phone use based on various contexts \[[@pone.0237337.ref004], [@pone.0237337.ref019], [@pone.0237337.ref041]\]. More generally, these variables describe important dimensions patterning variation in farm-household livelihoods \[[@pone.0237337.ref042]\]. Wealth is measured through a wealth-poverty index developed for monitoring and evaluation of rural development programs globally, and tailored specifically to Tanzania, derived from 10 survey questions measuring various non-monetary dimensions of wealth and poverty (e.g., female literacy, ownership of durable assets) \[[@pone.0237337.ref043]\]. The wealth score is scaled to a continuous measure from 0 to 10; raw values are used in the models. Farm size is reported as acres in surveys, or converted; log-transformed values for more appropriate scaling are used in the models. Respondent gender is a binary value for male. Raw values of respondent age are used in the models. Respondent education is a binary value for whether or not they completed primary school.

We implemented likelihood-based multilevel model estimation with the package {lme4} in the R statistical software environment \[[@pone.0237337.ref044]\]. Models were fitted to data from only those respondents owning their own phone, and for whom complete data existed with respect to variables included in models (*n* = 179). We evaluated model results by plotting data and coefficient estimates with 95% confidence intervals. Importantly, these not causal models but test only for significant associations. To apportion causality to mobile phones, a randomized controlled trial (RCT) would be ideal.

Results {#sec006}
=======

[Table 2](#pone.0237337.t002){ref-type="table"} provides a summary of phone ownership measures stratified by study village. Smartphone ownership and use among respondents was uncommon (6.3% of survey respondents). Thus, the use of communication tools like WhatsApp and Facebook, as well as agricultural information services, was infrequent. During focus group interviews, respondents were asked what types of agricultural activities they conduct with their phones. They reported using phones for everyday activities on the farm including hiring labor or hiring/borrowing equipment, sourcing and buying agricultural inputs, selling agricultural crops, accessing agricultural or weather information, and communication about agriculture. [Table 3](#pone.0237337.t003){ref-type="table"} presents the percentage of farmers in each of the 4 study villages who use phones in each of these ways. Importantly, 20% of respondents reported using their phones for all the agricultural purposes of interest, while 25% reported using their phone for none of these purposes.

10.1371/journal.pone.0237337.t002

###### Phone ownership means (and standard errors) stratified by study village.

Binary variables are reported as proportions.

![](pone.0237337.t002){#pone.0237337.t002g}

  Measures                            Lyamgungwe   Malagosi   Kibena   Mgama    Total                                     
  ----------------------------------- ------------ ---------- -------- -------- ------- -------- ------- -------- ------- --------
  Phone within the household (%)      88.57        (3.83)     94.52    (2.68)   97.14   (2.01)   98.48   (1.52)   94.62   (1.35)
  Own a phone (%)                     77.14        (5.06)     57.53    (5.83)   88.57   (3.83)   78.79   (5.07)   75.27   (2.59)
  Own an internet capable phone (%)   17.14        (4.54)     16.44    (4.37)   35.71   (5.77)   18.18   (4.78)   21.86   (2.48)
  Own a smartphone (%)                2.86         (2.01)     1.37     (1.37)   8.57    (3.37)   7.58    (3.28)   5.02    (1.31)
  n                                   70                      73                70               66               279     

10.1371/journal.pone.0237337.t003

###### Percentages of respondents using their own mobile phones for specific agricultural purposes.

![](pone.0237337.t003){#pone.0237337.t003g}

  Purposes                                                   \% of respondents (N = 179)
  ---------------------------------------------------------- -----------------------------
  Discussions with friends and relatives about agriculture   75
  Selling crops                                              70
  Talking to agricultural extension agent                    65
  Buying seeds or fertilizer                                 62
  Gathering information about agricultural practices         65
  Hiring or borrowing equipment                              48
  Using mobile money services                                47
  Accessing weather information                              48
  Hiring farm labor                                          50

Additionally, addressing RQ1, respondents were asked how mobile phones were affecting their own agricultural productivity. Respondents were free to respond based on their own experiences and interpretations of the questions. Approximately 47% of respondents stated that the use of a phone has reduced the amount of time they spent buying inputs or selling crops, and 50% of respondents reported that the use of a phone has reduced the amount of money they spent on farm activities. Further, 64% reported that the use of a phone has increased profits from farming compared to when the respondent did not have a phone. The percentage of respondents who answered yes to each of these questions indicates that for many, phones have increased the efficiency and cost-effectiveness of farming by reducing the time and money spent on farming activities, while simultaneously increasing profits.

Addressing RQ2, model results suggest general phone use has inconsistent associations with self-reported maize yield ([Fig 2](#pone.0237337.g002){ref-type="fig"}; Tables [1](#pone.0237337.t001){ref-type="table"} and [4](#pone.0237337.t004){ref-type="table"}). The number of farmers' phone contacts, the number of recent calls, and the number of recent SMS messages do not have credible associations with reported yield with a 95% CI. Farmers in Kibena Village have the lowest self-reported yields, and Lyamgungwe the highest, though these differences are relatively small, which is apparent in the varying effects estimates from the model-averaged predictions plots ([Fig 2](#pone.0237337.g002){ref-type="fig"}, colored lines).

![General phone use model estimates for the predicted association between reported maize yield outcomes and 3 phone use predictors (RQ2).\
Coefficient estimates of phone contacts (left), calls in the last 24 hours (center), and SMS sent in the last 24 hours (right) have mixed associations with the self-reported maize yield outcome, after controlling for individual-level wealth, gender, farm size, age, and education. The model is estimated with varying intercept effects at the household and village levels; village intercepts are plotted as colored lines in colors corresponding to village data points. Coefficients are plotted separately as predictions with 95% confidence intervals, with other fixed effect variables held at mean or modal values, and with averaging over uncertainty estimated across the model. See [Table 4](#pone.0237337.t004){ref-type="table"} for model estimates.](pone.0237337.g002){#pone.0237337.g002}

10.1371/journal.pone.0237337.t004

###### Model estimates and \[95% confidence intervals[^1^](#t004fn001){ref-type="table-fn"}\] for Figs [2](#pone.0237337.g002){ref-type="fig"} and [3](#pone.0237337.g003){ref-type="fig"}.
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                                                       Maize yield ([Fig 2](#pone.0237337.g002){ref-type="fig"}; RQ2)   Maize yield ([Fig 3](#pone.0237337.g003){ref-type="fig"}; RQ3)            
  ---------------------------------------------------- ---------------------------------------------------------------- ---------------------------------------------------------------- -------- -------------------
  Grand intercept                                      -0.070                                                           \[-0.608, 0.467\]                                                -0.467   \[-0.988, 0.055\]
  Fixed effects                                                                                                                                                                                   
   \# of contacts                                      0.008                                                            \[-0.016, 0.031\]                                                         
   \# of calls[^2^](#t004fn002){ref-type="table-fn"}   0.052                                                            \[-0.008, 0.111\]                                                         
   \# of SMS[^2^](#t004fn002){ref-type="table-fn"}     -0.006                                                           \[-0.050, 0.038\]                                                         
   Synthetic phone use variable                                                                                                                                                          0.273    \[0.162, 0.383\]
   Wealth score                                        0.035                                                            \[-0.035, 0.106\]                                                0.049    \[-0.016, 0.114\]
   Hectares farmed                                     0.339                                                            \[0.186, 0.492\]                                                 0.325    \[0.182, 0.468\]
   Gender (male)                                       0.096                                                            \[-0.093, 0.285\]                                                0.141    \[-0.018, 0.301\]
   Age                                                 0.000                                                            \[-0.007, 0.007\]                                                0.002    \[-0.004, 0.008\]
   Education                                           -0.074                                                           \[-0.288, 0.139\]                                                -0.016   \[-0.218, 0.185\]
  Variance on varying intercept effects                                                                                                                                                           
   Household                                           0.085                                                                                                                             0.035    
   Village                                             0.009                                                                                                                             0.005    
  Observations                                         179                                                                                                                               179      
  Model marginal R^2^                                  0.195                                                                                                                             0.284    
  Model conditional R^2^                               0.425                                                                                                                             0.382    

^1^ Confidence intervals (CIs) here indicate 95% confidence that the mean of the variable for all respondents lies within the reported interval. Estimates that are significant at this level have CIs that do not cross 0.

^2^ Made/sent and received in the past 24 hours

Addressing RQ3, when we examine phone use specific to agricultural activities, the results suggest that phone use for agriculture is credibly associated with higher self-reported maize yield ([Fig 3](#pone.0237337.g003){ref-type="fig"}; Tables [1](#pone.0237337.t001){ref-type="table"} and [4](#pone.0237337.t004){ref-type="table"}). This result is consistent across the sample after controlling for observed differences among individuals in wealth, farm size, gender, age, and education, and also after controlling for unobserved differences within households and within villages. Kibena is estimated to have the lowest yields, and Lyamgungwe the highest, as shown by the village-level varying intercept adjustments.

![Phone for agriculture model estimates for the predicted association between reported maize yield outcomes and the degree to which farmers integrate phones into agricultural activities (RQ3).\
A synthetic variable representing degree of phone use for agricultural activities was created from household survey responses by non-linear principal components analysis. Phone use for agriculture has a positive association with self-reported maize yield, after controlling for individual-level wealth, gender, farm size, age, and education. The model is estimated with varying intercept effects at the household and village levels; village intercepts are plotted as colored lines in colors corresponding to village data points. The phone use coefficient is plotted with 95% confidence intervals, with other fixed effect variables held at mean or modal values, and with averaging over uncertainty estimated across the model. See [Table 4](#pone.0237337.t004){ref-type="table"} for model estimates.](pone.0237337.g003){#pone.0237337.g003}

Discussion {#sec007}
==========

Our goal was to examine relationships between mobile phone use and agricultural productivity at the household and farmer levels. A key result is the positive association between phone use for agricultural activities and self-reported agricultural yields (RQ3). Further, our results find that many farmers had positive perceptions of mobile phone use increasing agricultural efficiency through increasing profits, decreasing costs, and decreasing time investments in farming (RQ1). However, our findings showed no consistent associations between general phone use and self-reported maize yield, when phone use is measured as number of contacts, number of SMS sent and received, and number of phone calls made and received within a narrow window of time (RQ2).

Our finding, that the association between yields and general phone, is not statistically significant is not necessarily surprising given that much of the other research on small-holder agricultural outcomes has focused on the use of phones to convey market and weather information \[[@pone.0237337.ref021], [@pone.0237337.ref022]\]. Alternatively, some confounding variable, such as social network, could drive both phone use and agricultural productivity, though in this context respondents did not highlight this issue during focus group interviews. Notably, qualitative analyses of phone use in East Africa have identified that daily phone-use is commonly, simply to connect with friends and family \[[@pone.0237337.ref032], [@pone.0237337.ref037]\]. A lesson here may be that given the breadth of ways that phones are used, general phone use is a poor predictor of specific economic outcomes. Also, this finding speaks to the difficulty of measuring general phone use over extended time-periods (as we discuss in the Limitations section).

Still, this result suggests that simply owning and using a mobile phone may not be enough to support agricultural productivity. Instead, how a farmer uses her phone may be critical. Other research has identified potential mechanisms behind positive relationships between using phone use and for agricultural productivity, which include: the use of mobile phones for connecting farmers to buyers \[[@pone.0237337.ref006]\], acquiring inputs for farming \[[@pone.0237337.ref045]\], reducing transaction costs and time associated with agricultural activities \[[@pone.0237337.ref046], [@pone.0237337.ref047]\], and exchanging agricultural information and recommendations \[[@pone.0237337.ref004], [@pone.0237337.ref048]\]. Our results are consistent with these findings, specifically our observations of respondents' positive perceptions of mobile phones for decreasing time and money spent, and increasing profits from agricultural activities. Along these lines, a farmer can use his phone to communicate with a fertilizer seller in town, buy fertilizer, and then recruit a friend to help him transport the fertilizer to the farm, saving both time and money.

Our findings are also consistent with those of studies connecting mobile phone use and increased agricultural yield. A study in India \[[@pone.0237337.ref049]\] found that 35% of farmers who used their phones for connecting with markets, getting better prices, and getting agricultural information reported increased yields. A study of coffee farms in Uganda found positive associations between mobile phone use and increased coffee harvests, as well as higher off-farm incomes \[[@pone.0237337.ref019]\]. And a study in Ghana \[[@pone.0237337.ref020]\] concluded that a farmer with a mobile phone had, on average, an increased maize yield of 261 kg/ha per production season compared to farmers without a phone. However, these studies all employed different metrics in measuring phone use, which can have an important impact on the results, as our study shows. Ultimately, to better understand the causal mechanisms in our study area would require more involved methodological approaches, including in-depth ethnographic work, and/or an RCT.

Overall, our findings support the targeted and intentional use of ICTs as a strategy to improve agricultural productivity and economic development. Mobile phones can support development by increasing household management efficiency \[[@pone.0237337.ref001], [@pone.0237337.ref016], [@pone.0237337.ref050]\] and contributing to existing livelihood activities \[[@pone.0237337.ref037]\]. They can provide people and communities in rural parts of the developing world with access to digital information and resources, as well as new types of knowledge sharing platforms \[[@pone.0237337.ref051], [@pone.0237337.ref052]\]. Our results highlight the importance of mobile phones at individual- and household-scales, and complement research at larger scales, which highlights how mobile phone penetration and use can improve agricultural market performance in developing economies \[[@pone.0237337.ref016]\].

Policy implications {#sec008}
-------------------

The results presented in this paper highlight 2 important areas for potential future policy interventions aimed at improving agricultural productivity for smallholder farmers while providing other social and economic benefits \[[@pone.0237337.ref053]\]. First, simply owning and using a mobile phone may have little impact on improving smallholders' yields. Alternatively, our findings suggest that when farmers' use phones specifically and intentionally for a range of agricultural tasks, yields can improve. Consequently, governmental and non-governmental interventions should encourage smallholders to use phones *specifically* for tasks throughout the agricultural enterprise to increase the likelihood that phone use has a positive impact on yield. This could include strategies that promote farmer education on the uses of ICTs for agriculture, as well as the development of extension services via mobile phones. For example, a national governmental agricultural extension agency could promote technology trainings to farmers, as well as extension services via mobile phone technologies, such as SMS and call-in services. These types of policies may also enable the extension agency to reach out to a greater number of farmers, and provide easy access to important agricultural information \[[@pone.0237337.ref013], [@pone.0237337.ref015]\].

Second, the results highlight the importance of perception in the adoption of new technologies that may be promoted by various policies. Often, regardless of what policy interventions are implemented, critical to the adoption of any innovation are the perceived benefits from stakeholders \[[@pone.0237337.ref026]\]. The results presented in this paper show that many respondents had positive perceptions of mobile phone use for agriculture, which suggests that they are ready to adopt greater mobile phone use within the agricultural sector. Thus, timely policy interventions would likely be well received within the study communities. This also highlights that in other contexts, studies of stakeholder perceptions of any intervention are important to understand the likely success of a given policy.

Limitations and future directions {#sec009}
---------------------------------

First, in controlling for demographic characteristics including farm size, wealth, and gender, our goal was to gain a basic understanding of the relationship between phone use expressly for agricultural purposes and self-reported yield, but not to examine other associations. Also, we did not control for the influence of other ICTs such as radio or television, largely due to the limited access to electricity for most respondents. Furthermore, we did not include more nuanced control variables such as 'entrepreneurship' and 'innovativeness', which are culturally relative and difficult to measure. However, the topic of differential impacts of ICTs is something we plan to explore in future work, especially given the growing body of research focused on the 'digital divide' in access and use of ICTs between men and women \[[@pone.0237337.ref004], [@pone.0237337.ref024]\].

Second, measuring both the character and volume of phone use over long periods is also challenging. Research respondents' abilities to recall phone use over long periods is low and soliciting this information can lead to estimation errors. In this study, we avoided this by getting reliable measures over a narrow amount of time. Also, measuring phone use specifically for agricultural activities can be complicated by the seasonality of the agricultural cycle. Accordingly, future research on phone use should examine the temporal nature of agricultural practices in order to more effectively measure the impact of phone use on agricultural productivity throughout the agricultural cycle. For this study, data collection took place at the end of the harvest season.

Third, while many respondents reported greater profits from agriculture and less money spent on agricultural activities through the use of a mobile phone, this does not necessarily factor in the costs of mobile phone ownership and use itself. Owning and using a mobile phone does have financial costs which can include purchasing of the phone, buying phone credit, and paying for phone charging services. These costs were not accounted for in this study, and could possibly influence the costs and benefits of using mobile phones for agricultural activities if the cost of owning and using a mobile phone exceeds the financial benefits from using phones for agricultural activities.

Lastly, it is important to note that while phone use is mainly an individual activity, agricultural productivity is generally a household outcome. Therefore, there is a mismatch in scale between phone use and agricultural productivity. In this study we aimed to address this by interviewing both male and female household members. However, innovative methods for studying phenomena at these 2 different scales may help better address these issues in the future.

Conclusions {#sec010}
===========

Addressing the objectives of this paper, we conclude the following: (RQ1) many farmers had positive perceptions about the benefits of mobile phones for their agricultural productivity; (RQ2) there was not a significant relationship between general mobile phone use and self-reported maize yield; and (RQ3) there was a positive significant relationship between mobile phone use for agricultural activities and self-reported maize yield.

Our research indicates that there are significant policy opportunities to leverage the existing use of ICTs to increase efficiency, yields, and profits, by better directing the use of mobile phones towards agricultural activities. This potential will grow as phone use continues to expand and new agricultural strategies and technologies are developed. However, technology-based policy interventions are not panaceas and need to be part of comprehensive strategies for rural economic development including investments in physical infrastructure, education, health services, and access to electricity \[[@pone.0237337.ref054]\].

We are grateful to smallholder farmers who took time out of their days to contribute participate in this research. We are also grateful to our survey enumerators who spent 3 weeks in the field conducting surveys in the 4 communities.

10.1371/journal.pone.0237337.r001
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RESULTS
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RESPONSE TO REVIEWERS

Editor comments

I hope you are well in these challenging times. I have now received review reports from two experts in the field. Based on these and my own reading, I have decided to request some revisions to be made. You will see that one of the reviewer starts out pretty critical, noting that still a lot of work will be needed to make the manuscript suitable for publication. However, you will also see that many of this reviewers comments are not all that substantial, mostly related to the presentation. I would therefore suggest to focus more on the comments of the other reviewer, that is more positive but points out a few issues that needs to be address.

RESPONSE: Thank you for your effort to review our paper. We appreciate the thoughtful comments and have worked hard to incorporate them into our revised paper. Along these lines, we have made substantive revisions to every section of the paper to improve the quality of the writing and the clarity of our communication. We have made revisions to the modeling and presentation of data and findings, including overhauls of each of the tables and figures. We believe these revisions, which are described in greater detail throughout our response to reviewers' comments, greatly improve the quality of the paper.

EDITOR: For my own reading, I like the random effects model, but also wonder if a simple linear (pooled) regression, or a regression with fixed effects for the villages would yield conclusions that differ much. If the latter is the case, reasons should be explored.

RESPONSE: We estimated 2 alternatives to each of the models presented in the revision, the first a simple linear model without the random effects for village (leaving out village effects entirely), and the second a regression with fixed effects for village. Estimates for focal variables and controls were relatively the same across revised presented models and these alternatives (i.e., coefficient estimates and standard errors differed slightly, but credibility or significance of estimates were the same). That is, for our general phone use model only farmed area was credibly associated with reported maize yield; and, for our phone use for agriculture model, phone-for-agriculture and farmed area were credibly associated with reported maize yield. Therefore, we do not report these additional models and rely on our a priori justification for using a multilevel model with random effects for village. We do, however, note in the Methods that our reported model specification ranks higher by AICc information criterion than the alternative, and include dAICc scores. However, if the editor feels strongly that the alternative models should be included in the revised text, then we are happy to comply.

EDITOR: I agree with the reviewer that variables should not be excluded just because they are not significant; you should be guided by theory.

RESPONSE: We agree that age and education level serve as good additional controls, and we have included them in the revised models. Notably, they were not excluded from the original submission based on the estimates, rather we opted for a more parsimonious model. The original text was not clear on this point. However, we agree that these additional variables are wise to include in both revised models. Estimates of our focal variables remain relatively unchanged.

EDITOR: While you are mostly careful not to attribute a causal interpretation to the relationships you find, I think it would not hurt to have an extra paragraph making explicit that, ideally, these sort of questions should be investigated using an RCT or other method that can isolate exogenous variation in phone use. Related, I agree with the reviewer that you can not control for (un)observables (something you later also admit) by including wealth in your regression: wealth is endogenous.

RESPONSE: While economists are often concerned about exogeneity, other fields have different perspectives. Our group, which is composed primarily of human geographers and anthropologists, derives some confidence in our study from our qualitative focus groups conducted in the field to understand mechanisms and ultimately shape the design of our survey. Still, as noted, we avoid "causal" language opting instead for language of "relationships" or "associations." Also, we now include a clear statement at the end of the methods section that describes how the models are not causal, and that an RCT would be ideal.

EDITOR: Finally, you combine different dimensions of phone use into one indicator. But number of contacts in phone may measure a very different attribute than eg calls placed. The first one may be a proxy for social network, which has also been found to yield increments for many reasons (access to finance,\...). Thus, finding a correlation may not be because of phone use but due to social network effects. This will have implications for policy.

RESPONSE: The original text was not entirely clear. We have revised the model description in the Methods section, and restructured the Results for better clarity. Contacts, calls, and texts are estimated separately in the general phone use model (see Fig. 3). Also, we've discussed these in greater detail in the methods. And we've discussed the potential for social networks to serve as an omitted causal variable in the discussion section. In the phone for agriculture model, we do combine multiple measures of agricultural phone use into an index measure as the focal variable, including using phones for accessing information on fertilizer or hiring farm labor. Lastly, we've revised the policy implications section to be more specific and conservative.

EDITOR: I am thus more optimistic than reviewer 2 and think it should not take too much effort to respond to these issues. I do want to stress though, that I will expect to see some additional regressions in the response to reviewers such that we get a sense of the robustness of the findings, that is, that results are not driven by the small sample.

RESPONSE: We note the additional models estimated and revisions made in our response just above. Here we include fixed effect coef estimates from each reported models and the two alternatives to each.

General phone use model, as reported in revision, with village random/varying effects:

\# Estimate Std. Error t value

\#(Intercept) -0.0703427 0.2741156 -0.257

\#sqrtPhContacts 0.0075574 0.0118448 0.638

\#sqrtCallTotal 0.0515576 0.0304081 1.696

\#sqrtSmsTotal -0.0063911 0.0224546 -0.285

\#scaledPovertyScore 0.0351852 0.0358823 0.981

\#logFarmHectPlant 0.3388541 0.0781271 4.337\*

\#male 0.0963103 0.0963723 0.999

\#as.numeric(age) 0.0001625 0.0034560 0.047

\#edLevSec -0.0741210 0.1089327 -0.680

General phone use model, with no village effects

\# Estimate Std. Error t value

\#(Intercept) -0.0449657 0.2669384 -0.168

\#sqrtPhContacts 0.0081260 0.0118962 0.683

\#sqrtCallTotal 0.0498101 0.0305475 1.631

\#sqrtSmsTotal -0.0073511 0.0226110 -0.325

\#scaledPovertyScore 0.0292653 0.0355737 0.823

\#logFarmHectPlant 0.3553133 0.0768808 4.622\*

\#male 0.0992511 0.0965557 1.028

\#age 0.0002841 0.0034790 0.082

\#edLevSec -0.0603360 0.1087211 -0.555

General phone use model, with village fixed effects:

\# Estimate Std. Error t value

\#(Intercept) -0.2462413 0.2977124 -0.827

\#sqrtPhContacts 0.0070669 0.0118938 0.594

\#sqrtCallTotal 0.0527244 0.0305543 1.726

\#sqrtSmsTotal -0.0051489 0.0225070 -0.229

\#scaledPovertyScore 0.0398582 0.0366041 1.089

\#logFarmHectPlant 0.3260410 0.0800655 4.072\*

\#male 0.0930076 0.0969894 0.959

\#age 0.0001362 0.0034648 0.039

\#edLevSec -0.0844512 0.1100695 -0.767

\#as.factor(village)LYAMGUNGWE 0.2711080 0.1308731 2.072\*

\#as.factor(village)MALAGOSI 0.0986482 0.1363669 0.723

\#as.factor(village)MGAMA 0.2440906 0.1261938 1.934\*

Phone for agriculture model, as reported in revision, with village random/varying effects:

\# Estimate Std. Error t value

\#(Intercept) -0.466821 0.266043 -1.755

\#phAgLoad 0.272561 0.056312 4.840\*

\#scaledPovertyScore 0.048771 0.033043 1.476

\#logFarmHectPlant 0.325143 0.073103 4.448\*

\#male1 0.141193 0.081337 1.736

\#as.numeric(age) 0.002237 0.003139 0.712

\#edLevSec -0.016479 0.102698 -0.160

Phone for agriculture model, with no village effects

\# Estimate Std. Error t value

\#(Intercept) -0.456685 0.261457 -1.747

\#phAgLoad 0.276297 0.056434 4.896\*

\#scaledPovertyScore 0.044510 0.032651 1.363

\#logFarmHectPlant 0.334173 0.072170 4.630\*

\#male1 0.141747 0.081587 1.737

\#as.numeric(age) 0.002407 0.003152 0.764

\#edLevSec -0.008811 0.102058 -0.086

Phone for agriculture model, with village fixed effects:

\# Estimate Std. Error t value

\#(Intercept) -0.593713 0.285615 -2.079

\#phAgLoad 0.265868 0.056733 4.686\*

\#scaledPovertyScore 0.054234 0.034055 1.593

\#logFarmHectPlant 0.314582 0.075212 4.183\*

\#male1 0.140365 0.081525 1.722

\#as.numeric(age) 0.002033 0.003149 0.646

\#edLevSec -0.025678 0.104654 -0.245

\#as.factor(village)LYAMGUNGWE 0.225751 0.118982 1.897(\*)

\#as.factor(village)MALAGOSI 0.058243 0.123694 0.471

\#as.factor(village)MGAMA 0.179576 0.116765 1.538

Regarding additional changes not noted below, we recalculated and reformatted tables. Due to a missing value, recalculated means and standard errors for certain variables are slightly different from those reported in the original submission. Missing values are dropped by default when estimating regression models with lme4 in R, and so regression estimates were unaffected.

Reviewer 1 comments

General Comments:

Good focus of the paper and with a clear new novelty (Perceptions on MP use versus agricultural productivity. Well written and referenced but a few technical comments highlighted below if addressed would make the paper better.

Specific Comments:

Title

1\. I think there should be a "," and "is" between "use" and "associated"

RESPONSE: We have added "is" but don't see how the "," makes sense grammatically.

Abstract

2\. Generally comprehensive and easy to understand

3\. there should be some highlights on the data sample size used,

4\. and methods used to analyze the data should also be concisely highlighted in the abstract

RESPONSE: We agree, and implement these changes in the revised abstract.

Introduction

1\. Generally well written, referenced and easy to understand.

2\. However -- villages of interest in Tanzania are not mentioned at all, or

3\. Perhaps some specific statistics of this Iringa province, since all statistics mentioned here are only at regional or government level. Provincial or village specific stats, would make the write up stronger.

4\. Novelty is clear that, the paper focuses on farmers' perceptions on agricultural productivity, which has rarely been researched

5\. A good mix of qualitative and quantitative approach

RESPONSE: We've provided Iringa specific statistics in the Introduction.

Methods

1\. Some specific statistics about the four villages -- would be interesting to look at here briefly

RESPONSE: We've included district-level statistics (agriculture, education, phone ownership) in the study-site section of the methods.

2\. Line 178 -- what is meant by "household diversity?" Technically this is largely used with regards to household production diversity or household dietary diversity, so it may be confusing here -- and you may need another term to avert the potential confusion to readers

RESPONSE: Indeed, we refer here to intra-household, economic diversity. This language, along with some surrounding language, has been changed to be clearer.

3\. Line 187 -- what informed the sample size of 279? Some background could be helpful

RESPONSE: Revised text details a goal sample of 40 household compounds per village, which was informed by previous research implementing similar analytical methods; multiple individuals were surveys in each household.

4\. Line 204 -- how was it likely to influence the responses by having same gender enumerator/respondents? This needs to be explained as it is not usual, and would be a potential source of biases

RESPONSE: Conversely, our experience working in this area has taught us that having male enumerators for female respondents can be problematic due to cultural norms. We now include the following language in the text: "Using same gender enumerators is a common practice in rural, developing areas where education is relatively low and gender roles can be hierarchical."

5\. Lines 288 -- 290 -- variables age and education based on several literatures can influence mobile phone use, as well as agricultural yield. Moreover, they also make logical sense to be controlled for other than being merely excluded because they were not significant. This would deny us potentially logical and economic sense/significance based modelling which is another excellent component for validity of results on top of statistical significance. I would wish to see how the model results come out with these logical, and economically valid variables included

RESPONSE: We agree that age and education level would serve as good additional controls, and we have included them in the revised models. Notably, they were not excluded from the original submission based on the estimates, rather we opted for a more parsimonious model. The original text was incorrectly stated. However, we agree that these additional variables are wise to include in both revised models. Estimates of our focal variables remain relatively unchanged.

6\. Also, a wealth index and use of mobile phones, could be endogenous; how was this potential endogeneity handled?

RESPONSE: Through our qualitative focus group interviews, we learned that wealth/poverty are important drivers of yield, as they affect smallholders' ability to acquire farm inputs. We also learned that phones help farmers to be in touch with extension agents who can provide useful information. These responses give us confidence that the wealth and phone-use represent distinct mechanisms that are directly related to yield. Also, we are clear throughout the paper that we are not presenting causal models. Still, our models include covariates that meaningfully describe maize yields in these small-holder farming systems (i.e., wealth, acres, location, etc.). With our analyses, we're looking to explain additional variance in yield that can be apportioned to variance in phone use. Finally, the wealth index used is a multi-dimensional measure of wealth and poverty, which we now articulate in the revised text rather than only supplying the reference.

7\. Line 295 -- use either 1 to 100 or one to a hundred -- to avert potential confusion

RESPONSE: We've changed this to "1 to 100"

8\. Line 296 -- was farm-size transformed because it was not normal? If yes, this has to be stated, but not only stated for a few variables

RESPONSE: Substantial revisions to the Methods make each variable transformation clear.

9\. Lines 309 -- 311 -- the assumption of number of calls or SMSs reflecting long time use of the phone; did you control for the seasonality aspect? I would assume that during the planting or harvesting seasons, phone calls would be more. Perhaps, you may need to clarify on the seasonality aspect with regards to this assumption

RESPONSE: We don't assume that SMS reflect phone use over a long period of time. Instead, it serves as a proxy of phone use during a short period of time, as we now indicate in text. Similarly, phone calls also serve as a proxy for use (vocal rather than written communication) over a short period. We use phone-contact list as a proxy of use over a comparatively longer period. We are now clear about this in the text. We also now acknowledge the issue of seasonality. And notably, our measurements are taken during an agricultural active season - harvest season.

Results

1\. Table 1; were these statistics different across the 4 villages? It would be nice to show these. Also, in discussions of these results, it would be good to briefly show how these compare with national statistics or regional or provincial ones.

RESPONSE: We understand this comment to mean that the reviewer is looking for significance tests on means across villages. This information is not central to our research questions and reporting these statistics would overly complicate the table, and burden the reader. We do however report village-level means with standard errors to give interested readers a sense of how data are patterned across villages.

2\. In Table 2, presenting results in percentages would make it easier for comparison and understanding

RESPONSE: Table 2 does report whole number percentages. We've made a small adjustment to the column heading so that it's easier to read.

3\. Table 3 -- for ease of understanding results in line with usual literature -- could you show the significance levels of each of the control variables by asterisk? Also reduce the grid lines in the table for more neatness.

RESPONSE: We avoid categorizing coefficient estimates as "significant" in order to avoid confusion with null hypothesis significance testing and frequentist approaches. Rather, models make estimates with associated standard errors and confidence intervals, which we report at the 95% level. We opt for this approach following shifting norms of practice away from statistical significance in line with the American Statistical Association and numerous publishing groups . To help with understanding and readability, we bold coefficients estimated as credible at 95% confidence in the Table. Likewise, we reformatted tables for easier reading in review.

4\. Age and Education should also be controlled for in the results of this table 3 for their potentially significant logical and economic importance.

RESPONSE: As stated in the response above, age and education are included as additional controls in the revised models.

Discussions

1\. Line 404 -- could you be specific with these confounding factors that contrary to general literature -- led the results of general MP use not to be associated significantly with yield? This would make the paper more "self-contained" and independent

RESPONSE: We've changed this section, replacing 3-4 sentences with new language that better addresses how our findings fit with existing research. We explain how the non-significance of our general phone-use variable is not surprising when compared with other studies, which have focused on market and weather information. And we cite other research that suggests that most phone use is not about specific economic activities. We feel that this is a much improved interpretation of this non-significance.

2\. In Policy Implications -- perhaps you must strongly make it clear that this advise is intended to "smallholder farmers" who are investigated in this paper. Otherwise -- blindly advising policy to generally support MP use on specific agricultural activities may not have similar results for cattle herdsmen who are also common in rural Tanzania.

RESPONSE: We have taken this advice and included specific language about small-holder farmers throughout the section. Also, we are more specific in our advice, noting that intentional phone use across a range of agricultural tasks is most likely to positively impact yields.

Conclusions

1\. There was only about 4% of the sample using smart phones -- and why make this a priority concluding remark in line 528 -- in the first real paragraph that should be aimed at the central results of the study.

RESPONSE: We agree, and have shifted this concluding paragraph back to a focus on mobile phones broadly.

Reviewer 2 comments

This article seeks to "examine relationships between mobile phone use and agricultural productivity at the household and farmer levels" in Tanzania. Authors utilize multi-level modeling and principal component analysis to examine the nature and type of relationships between farmers' perception and mobile phone use in agriculture, and the level of agricultural productivity, measured by maize yields per hectare. There are three findings: First, a positive relationship between mobile utilization and agricultural yields. Second, a positive relationship between farmer-perception of mobile phones and "agricultural efficiency" in terms of lower costs, higher profits, and lower "time investments in farming". The third finding is that there is "no-consistent association between general phone use and self-reported maize yield" (in terms of the number of contacts, SMS sent and received, and calls made and received in short intervals).

Based on these findings, authors proposed policy recommendations including support for intentional use of mobile phones for agricultural production and the relevance of farmers' perception about mobile phone usage in agriculture. Their main conclusion is that there are important policy prospects that can help leverage current ICT usage to upsurge the extent of agricultural gains associated with mobile use in developing countries.

General observation: The topic is nice and can be relevant in advancing an understanding of the constraints to adoption of agricultural technologies like ICTs and other critical technologies that contribute to the sustainable development goals (SDGs) especially hunger and climate change. However, the current version of the paper needs substantial improvement or a complete overhaul if it is to be acceptable for publication. Furthermore, authors should let a non-author read the paper for consistency checks before making any resubmission.

RESPONSE: As noted above, we have made substantive revisions to every section of the paper to improve the quality of the writing and the clarity of our communication. We have made revisions to the modeling and presentation of data and findings, including overhauls of each of the tables and figures. We believe these revisions, which are described in greater detail throughout our response to reviewers' comments, greatly improve the quality of the paper.

Major comments

A. Writing, narrative, and structure

1\. The paper is not well written. It lacks a coherent structure, which makes it hard for me to see what the authors are really trying to achieve.

RESPONSE: Substantive revisions to the quality of the writing have been made in each section of the manuscript.

2\. I do not see a compelling contribution to literature. The potential contribution mentioned on pg. 5 (lines 111-120) has some problems including the endogeneity of perception due to its subjectivity, which the authors do not seem to address.

\- Authors do not clearly articulate the study's relevance beyond the setting.

\- The proposed policy contributions on pg. 6 (lines 135-143) appear more like study objectives than actual policy contributions. Better writing can be helpful here.

RESPONSE: not addressed

3\. Insufficient motivation for use perception as the key policy variable in this study. Why should we care about the perception of farmers in the use of mobile phones for agriculture when the technology is not new?

\- What is novel about mobile phone utilization in agriculture in the region, elsewhere in

Africa, and beyond? I would like to see a more convincing justification on this subject and the use of perception as a policy var. Perception, in fact, is a major determinant of technology adoption and/or program participation in many contexts.

\- I don't see what is new about farmers' perception of mobile phone use for agriculture in this context.

RESPONSE: We see that the use of the word perception is confusing. In the paragraph of the introduction where we describe our specific study, we now define our use of the term "perceptions."

4\. Another critical problem is how agricultural productivity is measured -- crop yields are not the only measure of productivity.

\- Self-reported yield estimates are weak due to several associated errors.

\- What actions did you take to account for this risk? See relevant example papers on this critical topic (Amadu et al., 2020; Desiere and Jolliffe, 2018; Godlonton et al., 2017; Judge and Schechter, 2009; Wossen et al., 2019).

RESPONSE: not addressed

5\. Insufficient description of the study area and data. Figure 1, the google earth map, is blurry. Please use an actual GIS map with coordinates to show your study sites (e.g., Coulibaly et al., 2017; Rana, and Miller, 2019; Van Campenhout, 2017). In general, all the Figures are blurry and unacceptable.

RESPONSE: We apologize for the low resolution figures in the original submission. Regarding the map, it was not Google Earth imagery but an SRTM DEM surface to display elevation, overlaid with road networks and household locations. However following the reviewers advice, we include a revised, simplified study region map.

B. Data, conceptual framework and variables

1\. There is no conceptual framework for the paper. Authors can do a better job by presenting a conceptual framework that guides the statistical operations in the paper. This is critical for any quantitative analysis.

RESPONSE: not addressed

2\. Therefore, the "Data analysis" section (pg. 10+) does not make much sense to me. For instance, how are the key variables measured like perception, various uses of mobile in relation to agriculture? See for example (Amadu et al., 2020; Rana, and Miller, 2019).

RESPONSE: Substantial revisions have been made throughout the methods section.

3\. Therefore, the two models presented on pg. 11 (lines 254 & 255) and not clear.

RESPONSE: Substantial revisions have been made throughout the methods section.

4\. Paper lacks a convincing presentation of data. I kept revising the paper to see:

\- how can I understand and interpret the data and results (albeit not really a result, but descriptive stats -- more on this below).

\- For example, on pg. 9 (lines 193 -- 196), I am confused as to whether some household members did not undertake farming? Is this articulated in the narrative? If yes, where? If no, why not?

RESPONSE: We have made substantial improvements to our methods section and each of our tables.

5\. Moreover, I suggest you provide a "theoretical expectations" section to guide the interpretation of the key variables based on sound literature review. This is lacking and need attention.

\- For example, you may want to caption part of pg. 12 to 13 as either literature review, or theoretical expectation, instead of making statements like "these covariates were informed by literature\..." (pg. 13, L. 286).

\- We expect literature to inform your work. Therefore, just present a section to discuss the main vars and covariates in terms of what obtains elsewhere and expectations in this setting.

RESPONSE: While we avoid creating a new section, we have added justifications for our choice of variables in appropriate sections.

6\. Following the above points, there should been a summary stats' table upfront to show the mean of all variables in the analysis.

RESPONSE: Table 2 now does this for the regression models.

7\. On pg. 9, writing on lines 198 to 206 is wordy. Consider using concise language for

clarity. For e.g., use pretesting of questionnaires, instead of "conducted a practice survey \..." (lines 202-203). On the same pg., (lines 209-212), delete sentence starting with "All respondents \... study area". It is wordy and adds little.

RESPONSE: This language has been revised.

C. Results, discussion, policy, limitation, and conclusion

1\. The presentation of your results seems clumsy. For instance, your "results" (pg. 14) look

more like descriptive statistics. Thus, I think Table 1 should be labelled 'summary statistics' rather than "results based on \...". These are not rigorous analytical results.

RESPONSE: We've made revisions to each table and split table 1 into 2 tables. Each table has a revised title. And summary statistics for model variables are not reported in table 2.

2\. Some variables in Table 1 had not been discussed in the narrative of the paper -- the more reason you need to have a theoretical expectations section above. For example, "good year" is mentioned on pg. 11 (line 241) but not defined. "Bad year" is not mentioned earlier at all. Likewise, "synthetic phone" had not been defined earlier in the narrative, except for the mention of "synthetic variables" on pg. 12 (line 271).

RESPONSE: Greater care has been taken with our descriptions/representations of all variables in the text and in the tables.

3\. Table 1 and all Tables should have notes immediately below, not above in the Table title.

RESPONSE: We have moved the notes below the table.

4\. Table 2 does not have a good title. Consider presenting the title of a Table as a statement

like 'proportion of respondents using phones." Moreover, there should be a note under the Table to provide clarity. The table is not clear. Is there a column for the interaction of these variables such as using phones to discuss with friends and for selling crops? The Table does not present a complete picture.

RESPONSE: All the tables have new titles.

5\. Table 3 is not clear. Same points as above such as proper labelling and notes.

RESPONSE: We have also adjusted this table in accordance with these notes.

6\. The "discussion" section (pg. 20 -- 22) reads more like a results section.

RESPONSE: Substantial revisions have been made to the discussion section so that it better compares our findings to the findings from other studies.

7\. On pg. 24, "intensity and frequency" appear for the first time in the paper. Why?

\- These are loaded terms, which should have been described in introduction or study area description before using them anywhere else.

\- Or they should have been conceptualized/operationalized in this study and then included in the analysis before using them here in the "limitations\..." section. \\\\

RESPONSE: We recognize that these words are loaded in some disciplines and have thus changed them to more appropriate words for this context.

8\. I like your discussion of potential mechanisms (pg. 21) through which mobile phones

may lead to yield enhancement. However, you do not provide statistical analyses for any of these mechanisms in the paper to bolster your findings (see. For example, Van Campenhout, 2017).

RESPONSE: Throughout the manuscript now, we avoid the word "mechanism/s" except when discussing alternative approaches to examining the effect of mobile phones on agricultural productivity.

9\. Following the above point, there should be a robustness check for your findings.

RESPONSE: not addressed

10\. The conclusion is too terse and makes no sense. Should be succinct but convey enough

information to appear as 'stand-alone' for an impatient reader. For example, the starting sentence (pg. 26 line 518) is awkward. In short, I would not consider this section as a conclusion for the paper because it presents little or nothing about the rest of the paper.

RESPONSE: We've revised the conclusion so that it is summative and forward looking without replicating the abstract.

Other/Minor comments

1\. Be consistent about the use of sub-Saharan Africa versus Africa. To maintain the flow,

choose one and stick to it, or you can indicate your intentional inter-use at the beginning of the paper and move on.

RESPONSE: We've changed everything to sub-Saharan Africa.

2\. Introduction is too long being 4 pages. Reduce to 2 or 2.5 pages.

RESPONSE: The introduction is slightly shorter now.

3\. On pg. 5 (line 108) remove many before fewer studies.

RESPONSE: Done.

4\. On pg. 6 (line 140-143), delete sentence starting with "Thus\... and ending with

productivity". That whole sentence is not only poorly written but does not really add much to the argument of the paper.

RESPONSE: This sentence has been shortened and rewritten.

5\. On pg. 7 (L. 156) insert 'distance from' after "in relation to" \...

RESPONSE: Done.

6\. Also, on pg. 7, delete from lines 167 -- 168. It adds nothing.

RESPONSE: Done.

7\. On pg. 8 (L. 171), write Data (delete collection). On line 173, write 'Data for this study

come from before "Focus group\..."

RESPONSE: The beginning of this paragraph has been adjusted.

8\. Pg. 9: On L. 193, delete "both a". On L. 194, write members.

RESPONSE: Done.

9\. On pg. 12, line 266 is missing something. Following line 255, I expected the two models.

RESPONSE: This whole section has been revised.

10\. The entire paper can be significantly enhanced if the authors can clean up typos.

RESPONSE: Substantial revisions have been made in each section. And we've done our best to root out all typos and grammatical errors.
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